Experimental
Introduction
Perphenazine belongs to the phenothiazine family. Because of its neuroleptic and antidepressive actions, it is often prescribed for the treatment of psychotic patients. Recently, it was found to be effectual in the treatment of Parkinson's disease. 1 Since it has such function and application, some researchers have been attracted to study its characteristics, and to obtain simple and sensitive detection methods for it. So far, many methods have been developed for its determination, such as electrochemistry, 1 fluorescence, 2 chemiluminescence, 3 spectrophotometry, [4] [5] [6] and titrimetry. [7] [8] [9] A luminol-potassium ferricyanide-perphenazine CL reaction that shows high sensitivity for the determination of perphenazine was found. The perphenazine MIP, which has a specific recognition ability to perphenazine, was synthesized. Using the perphenazine MIP as a recognition material of the receptor, and a luminol-potassium ferricyanide-perphenazine CL reaction as the detection reaction, a novel molecular imprinting-chemiluminescence (MI-CL) sensor of perphenazine was made.
Because perphenazine MIP contains cavities complementary to the perphenazine molecule in size, shape and chemical function, it shows specific recognition ability to perphenazine, and the sensor can be utilized to determine perphenazine in complicated samples directly. Due to the attractive features of MIP, including high mechanical strength, resistance to any change of the pH, humidity, temperature over a wide range and other harsh environments, the sensor can be used under various conditions, and remain stable for a long time. The sensor has high sensitivity because the detection reaction used here is a CL reaction with high sensitivity. Furthermore, since the CL reaction is the oxidation-reduction reaction, and the molecular structures of the analyte adsorbed on the MIP would be destroyed during the CL reaction, the reaction products can be easily removed from the MIP through a suitable cleaning step, and fresh cavities are left over for the next determination. Therefore, the sensor is quite reusable. Owing to the reusability of the sensor and the stability of its recognition material, it has a long lifetime. These characteristics make the MI-CL sensor become a competitive detection method compared with other methods for the determination of perphenazine. The MI-CL sensor had been applied to the determination of perphenazine in urine samples with satisfactory results. The data acquisition and treatment were performed with the IFFL-D CL data-processing software (Xi'an Remax Electronic High-Tech Ltd.). The absorbance measurement was made using a TU-1901 UV-visible spectrophotometer (Beijing Currency Instrumental Ltd., China). Ultrasonator (Kunshan Ultrasonic Instrumental Ltd., China) was used to help mixing.
Reagents
Perphenazine was purchased from Jintan Xilin Pharmaceutical Raw Material Co., Ltd. (Jiangsu, China). Ethylene glycol dimethacrylate (EGDMA) was purchased from Sigma Company (St. Louis, MO, USA). Methacrylic acid (MAA) and 2,2′-azobis(2-methylpropinitrile) (AIBN) were purchased from Shanghai Chemical Reagent Company (Shanghai, China). Other reagents were purchased from Xi'an Chemical Reagent Factory (Shaanxi, China). All of the reagents used were of analytical reagent grade, except for AIBN, which was of chemical purity grade. EGDMA and MAA were redistilled and AIBN was recrystallized prior to use.
A stock standard solution of perphenazine (1.00 × 10 -4 g/ml) was prepared by dissolving 0.0100 g of perphenazine with 1.0 mol/l of hydrochloric acid, and then diluting to 100 ml with water. Working standard solutions of perphenazine were prepared by diluting the stock solution with water. A perphenazine stock solution was stored in a refrigerator at 4˚C and protected from light. A potassium ferricyanide stock solution (5.0 × 10 -2 mol/l) was prepared with doubly distilled water. A luminol stock solution (1.0 × 10 -2 mol/l) was prepared by dissolving 1.771 g of luminol (synthesized by the Institute of Analytical Science of Shaanxi Normal University, China, purity > 95%) in 1000 ml of 0.01 mol/l NaOH. Doubly distilled water was used throughout the experiments.
Synthesis of perphenazine MIP and preparation of the receptor
The perphenazine MIP was synthesized according to the following method: 10 1 mmol (0.4040 g) of perphenazine, 5 ml of chloroform and 4 mmol of MAA were added into a 50 ml flask. The mixture was oscillated in an ultrasonic bath for 4 h to let MAA to be mixed with perphenazine molecule sufficiently. Then, 20 mmol of EGDMA and 50 mg of AIBN were added, and the solution was purged with nitrogen for 15 min and sealed under vacuum. The polymerization reaction was carried out at 60˚C in a water bath for 24 h. The obtained polymers were crushed, ground and sieved to collect the particles of size between 74 -105 μm.
A non-imprinted polymer (NIP) was synthesized in the same way, only without the template molecule.
Before adsorption experiments, the perphenazine molecules in the MIP should be removed by washing with a mixture of carbinol/acetic acid (9:1, v/v) until the adsorbance (λ = 258 nm) of perphenazine can no longer be detected in the elution solution. The polymer was dried to a constant weight at 60˚C under a vacuum.
A portion of the above-mentioned collected polymer particles (20.0 mg) was packed into a colorless glass tube (4 mm i.d. × 25 mm length) and plugged with a small amount of glass wool at both ends. Then, a MIP column was prepared. As the receptor for the sensor, the MIP column was connected into the CL flow system and placed in front of the window of a photomultiplier tube.
Response procedure of the sensor
The response procedure can be summarized as follows: First, a switch valve was connected to the sample solution; pump 2 delivered the perphenazine solution to flow through the sensor for 100 s to adsorb the perphenazine molecule onto the polymer. Then, the switch valve was switched to connect with the dioxane solution; pump 2 delivered the dioxane solution to flow through the sensor for 70 s to remove any other substances, except for perphenazine in the MIP. Next, pump 2 was stopped and pump 1 was started; the merged stream of potassium ferricyanide solution and luminol solution flowed through the sensor for 90 s to react with perphenazine on the MIP to produce CL. Finally, pump 1 was stopped and the switch valve was connected to ethanol; pump 2 was started and ethanol was delivered to flow through the sensor to clean the MIP for 50 s for the next determination.
Results and Discussion

Receptor of the sensor
The receptor is an important element of the sensor, and its recognition ability to the analyte is a crucial character of the sensor. In order to examine the recognition ability of the receptor, the following experiments were performed.
The MIP column and the NIP column were used as receptors of the sensor, respectively. The adsorption time curve of the MIP and the NIP to perphenazine is drawn (Fig. 2) . The results show that both the MIP and the NIP can adsorb perphenazine, but the adsorption capacity of the MIP is higher than that of the NIP. By using a dioxane solution and water as the washing 972 ANALYTICAL SCIENCES JULY 2006, VOL. 22 agent, respectively, a washing time curve was drawn (Fig. 3 ).
As shown in Fig. 3 , water could not wash out perphenazine in the MIP and NIP column, while almost all of the perphenazine adsorbed in the NIP and a portion of perphenazine adsorbed in the MIP could be washed out by the dioxane solution. The results of the above experiment suggest that the adsorption characters of the MIP and the NIP to perphenazine are essentially different. The adsorption of the NIP to perphenazine is only weakly non-specific binding, based on a hydrophobic interaction, whereas there are both strong specific binding based on molecule recognition and weakly non-specific binding in the adsorption of the MIP to perphenazine; the specific binding dominates.
In order to select a suitable washing agent that could wash out coexisted substances adsorbed in the MIP based on non-specific binding, the washing effects of some substances, such as sodium sulfite, sodium hyposulfite, dioxane, formaldehyde (3%), benzene, toluene, acetonitrile, THF, chloroform, carbon tetrachloride, were examined. The experimental results showed that the washing effect of dioxane/water (1:3, v:v) was best. Thus, dioxane/water (1:3, v:v) was selected as the washing agent.
In order to further validate the selectivity of the MIP to perphenazine, fluphenazine hydrochloride, which was similar to perphenazine in structure, and had CL activity in the potassium ferricyanide-luminol system, was selected as an interference indicator (the structures of perphenazine and fluphenazine hydrochloride are shown in Fig. 4) . The separation effect of the MIP to perphenazine and the coexisted substance were examined ( Table 1 ). The data given in Table 1 indicate that the MIP displays good separation effect to perphenazine and other substances.
The above-mentioned experiments adequately demonstrated that the receptor has specific recognition ability to perphenazine.
Detection reaction of the sensor
The CL characteristic of perphenazine in luminol-potassium ferricyanide system was studied using the static measuring system of the IFFL-D multifunction CL analyzer (Fig. 5) . It was observed that a new CL signal was initiated when perphenazine was injected into the reaction mixture after the CL reaction of luminol and potassium ferricyanide was finished. Under the same conditions, no CL signal was detected using the blank solution instead of the perphenazine solution. Thus, a new CL reaction was a post-chemiluminescence (PCL) reaction. 11 The pre-experiment indicated that the PCL reaction has a high sensitivity to the determination of perphenazine.
Since the detection reaction was a PCL reaction, the CL reaction between luminol and potassium ferricyanide must react adequately before initiating the PCL reaction. For this purpose, a mixing tube (L) (0.8 mm i.d.) was connected between the Ypiece and the receptor. If the mixing tube was too short, luminol reacted with potassium ferricyanide poorly, and the baseline was higher and the signal-to-noise ratio (SNR) was lower; if the mixing tube was too long, the PCL intensity was lower. In order to obtain a higher sensitivity, the length of the mixing tube was examined in the range of 20 -200 cm at a fixed flow rate of 1.4 ml/min, and the optimal length of mixing tube was 90 cm.
The concentrations of luminol solution and potassium ferricyanide were examined in the ranges of 8.0 × 10 -6 -1.0 × 10 -4 mol/l and 1.0 × 10 -5 -5.0 × 10 -4 mol/l, respectively. The results showed that 5.0 × 10 -5 mol/l luminol combined with 3.0 × 10 -4 mol/l potassium ferricyanide gave the maximal CL SNR.
Potassium ferricyanide reacts with luminol in an alkaline medium. In experiments, the alkalinity of reaction medium was adjusted by changing the concentration of sodium hydroxide in the luminol solution. The concentration of sodium hydroxide in the range 5.0 × 10 -3 -5.0 × 10 -2 mol/l was examined. The results indicated that the optimal concentration of sodium hydroxide was 2.0 × 10 -2 mol/l, where the SNR was maximal. Adsorption time, 100 s; washing time, 70 s. The data in the table are the CL intensity that was detected by the CL reagents flowing through the MIP column after washing. the MIP column, and thereby influences the sensitivity of detection, the linear range of the method and the analytical efficiency. When the amount of the MIP was 20.0 mg and the flow rate was fixed at 1.4 ml/min, the relation between the CL intensity and the adsorption time within the range 10 -250 s was examined using a 1.0 × 10 -6 g/ml perphenazine solution. It could be observed from Fig. 2 that the CL intensity was increased with an increase of adsorption time. Above 160 s, the CL intensity almost remained constant. Considering the analytical efficiency and the linear range of this method, 100 s was finally selected as the adsorption time. If needed, the sensitivity of the detection can be improved by increasing the adsorption time. Washing time. Following the adsorption step, it is necessary to wash the receptor to remove any other substances adsorbed on the MIP. A suitable washing time should remove other substances completely, and not cause a loss of the perphenazine adsorbed on the MIP. In order to select the washing time, fluphenazine hydrochloride was selected as an interference indicator and added into perphenazine standard solution (perphenazine 1.0 × 10 -6 g/ml, fluphenazine hydrochloride 1.0 × 10 -6 g/ml). Using a dioxane solution as the washing agent, the effect of the washing time was examined in the range of 10 -150 s. The experimental results revealed when the washing time was 70 s that fluphenazine hydrochloride could be removed effectively.
Response procedures of the sensor
The CL intensity has no obvious difference with that of perphenazine standard solution (1.0 × 10 -6 g/ml) in the absence of fluphenazine hydrochloride. Thus, 70 s was selected as the washing time.
Response time. When a combined stream of CL reagents flowed through the receptor, they reacted with the perphenazine adsorbed on the MIP to produce CL. Perphenazine adsorbed on the MIP had been reacted completely when the CL signal declined to the baseline. The experiments showed that 90 s was sufficient for a complete reaction. Cleaning time. During the CL reaction, the molecule structure of perphenazine on the MIP was destroyed, and the products were desorbed from the MIP. However, the products could not be easily washed out from the receptor with water. Ethanol was used as the cleaning agent, and it showed no obvious influence on the CL reaction. The effect of the cleaning time in the range of 10 -100 s was examined by alternately measuring the blank signal and the CL signal from 1.0 × 10 -6 g/ml perphenazine solution. It was observed that when the cleaning time was up to 50 s, the blank signals and the CL signals from 1.0 × 10 -6 g/ml perphenazine solution would have no obvious difference. Thus, 80 s was selected as the cleaning time.
Lifetime of the sensor
The lifetime of the MI-CL sensor was examined by comparing the CL intensity of perphenazine with the same concentration at different times. The experiment results showed that after the sensor had been used 500 times, the CL intensity had no significant difference with the original CL signal.
Response characteristic of the sensor
Under the optimal experimental conditions, the relation between the CL intensity and perphenazine concentration was examined.
The CL intensity is linearly related to the concentration of perphenazine over the range 5.0 × 10 -8 -1.0 × 10 -5 g/ml, with a linearly regression equation of I = 36.5C + 124.2 (n = 5, r = 0.9961), where I is the CL intensity (relative unit) and C is the concentration of perphenazine (× 10 -7 g/ml). The relative standard deviation is 3.7% (1.0 × 10 -6 g/ml perphenazine solution, n = 11) and the detection limit is 2 × 10 -8 g/ml.
Selectivity of the sensor
In order to evaluate the selectivity of the sensor, the interference from foreign species to the determination of 1.0 × 10 -6 g/ml perphenazine was examined using the MI-CL sensor and the FI-CL method, respectively. The selected foreign species are substances normally present in urine samples and substances with CL behaviors in the potassium ferricyanide-luminol system. The tolerable ratio of a foreign species is taken as a relative error less than ±5%. The results in Table 2 show that the MI-CL sensor exhibits an excellent selectivity compared with the FI-CL method.
Sample determination
The urine samples were collected from three healthy volunteers. A certain amount of perphenazine standard solution was added into the collected urine samples. After centrifuging at 3000 rpm for 15 min, 1-ml portions of the supernatants were transferred into a 100 ml volumetric flask and diluted with water to the mark. The blank urine sample was treated with the same procedure, only without perphenazine.
A blank urine sample was determined by the MI-CL sensor and the FI-CL method, respectively. The results are shown in Table 3 . From Table 3 , the response signals of blank urine sample were obviously different with the blank signals in the FI-CL method, which indicated that other species in urine interfered with the determination. However, all of the response signals of three portions of blank urine samples showed no significant difference with the blank signals using the MI-CL sensor, which suggested that the other species in the urine had been effectively removed and did not interfere with the determination of perphenazine. Therefore, the response of the sensor to perphenazine was unique, and the recovery test could be used to evaluate the accuracy of the method.
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was calculated ( Table 4 ). The results show that the recoveries of added perphenazine were quantitative, and the t-test assumed that there was no significant difference between the recovery efficiency and 100% at a confidence level of 95%.
Conclusion
A new MI-CL sensor was made for the determination of perphenazine by using perphenazine MIP as a recognition material and the luminol-potassium ferricyanide-perphenazine CL reaction as the detection reaction. The MI-CL sensor exhibited a series of attractive characters, including good selectivity, high sensitivity, fine reusability and a long lifetime. The sensor has been successfully applied to the determination of perphenazine in urine samples. It can be foreseen that this kind of MI-CL sensor would have potential application prospects in many fields. 
